The interactions between B-cell lymphoma 2 (BCL-2) family members are known to be mediated through the binding of the BH3 domain of a proapoptotic member to the BH3-binding groove of an antiapoptotic member. We determined the crystal structure of antiapoptotic CED-9, which reveals a unique C-terminal helix altering the common BH3-binding region. A coexpression system to produce CED-9 in complex with proapoptotic EGL-1 enabled us to show that the binding of EGL-1 to CED-9 is extremely stable, raising the melting temperature (T M ) of CED-9 by 251C, and that the binding surface of CED-9 extends beyond the BH3-binding region and reaches the BH4 domain. Consistently, the T M and a 1 H-15 N correlation NMR spectrum of CED-9 in complex with EGL-1 are drastically different from those of CED-9 in complex with the EGL-1 BH3 peptide. The data suggest that the recognition between other BCL-2 family members may also involve much wider protein surfaces than is previously thought.
Introduction
B-cell lymphoma 2 (BCL-2) family proteins are the major regulators of apoptosis pathways. 1 They are characterized by containing up to four conserved stretches of amino acids, designated as BCL-2 homology (BH) domains. Some members of this family are antiapoptotic and others are proapoptotic. The family can be divided into three subclasses according to the BH domain(s) that each class possesses. Antiapoptotic members, which include BCL-2 and BCL-X L , belong to the subclass that contains all the four BH domains (BH1-4). Proapoptotic members can be classified into either the subclass that contains three or four BH domains (BH1-3 or BH1-4 depending on definition) or the subclass that contains only the BH3 domain. BH3-only proteins share sequence homology in the BH3 domain, a 9-16 amino-acid segment, but are otherwise unrelated in the sequence and number of amino acids. Unlike the multi-BH domain proapoptotic members, the BH3-only proteins are held on check by transcriptional regulation or sequestration to cytoplasmic proteins. 2 The interactions between the BH3-only members and the antiapoptotic members are crucial events in controlling or initiating apoptosis. 3 In nematode Caenorhabditis elegans, the cell-killing process requires CED-3 and CED-4. 4 CED-3 is homologous to mammalian caspases, which, once activated, cleave various protein substrates in the dying cell. CED-4 is homologous to mammalian Apaf-1 and functions as a positive regulator of CED-3. 5 The oligomerization of CED-4, like that of Apaf-1, is believed to activate CED-3 by bringing several inactive zymogen forms of CED-3 molecules into close proximity. 6 CED-9 is the sole multidomain BCL-2 family member in the worm. CED-9 prevents cell death by sequestering CED-4 and the zymogen form of CED-3 in an inactive ternary complex. [7] [8] [9] [10] [11] EGL-1 is the sole BH3-only protein in the worm and is transcriptionally regulated. The hallmark for all developmentally required apoptosis in C. elegans is the complex formation between CED-9 and EGL-1, which disrupts the CED-9 : CED-4 complex, thereby releasing the CED-4 molecule from the mitochondria into the perinuclear space, where it drives apoptosis. 12, 13 Conceivably, the interaction between CED-9 and CED-4 should be very strong, but the interaction between CED-9 and EGL-1 is much stronger than that.
Since a variety of BH3-only proteins and multi-BH domain proapoptotic proteins bind to the same antiapoptotic targets (e.g. BCL-2, BCL-X L , BCL-W), the commonly present BH3 domain is believed to mediate the binding interactions. In support of this view, mutational analyses demonstrated that the BH3 domain of proapoptotic proteins is required for binding to antiapoptotic BCL-2 homologues and initiating apoptosis. [14] [15] [16] The BH3 domain is known to bind a predominantly hydrophobic concave surface of a cognate partner known as the BH3-binding groove, as revealed by the solution structure of the complex between BCL-X L and the BAK BH3 peptide. 17 However, it is not clear whether the BH3 domain and the BH3-binding groove are the only structural motifs that govern the binding specificity and affinity in the recognition between BCL-2 family members, and for this reason, in the mediation of apoptotic process. We show here that CED-9 and EGL-1 form an extremely stable complex, which behaves as if it is a single protein. The 2.03 Å crystal structure of CED-9 (residues 68-251, C107S/C135A/C164S), site-directed mutagenesis, and physical analyses of the CED-9 : EGL-1 complex demonstrate that the EGL-1-recognition surface on CED-9 extends beyond the BH3-binding groove and reaches the BH4 domain. Herein, we also discuss a unique structural feature of a C-terminal region of CED-9.
Results
Initial construct and modification of recombinant CED-9
We generated a CED-9 construct that contains residues 1-251 lacking the predicted C-terminal membrane-spanning region (residues 252-280). The nonconserved N-terminal region (residues 1-67) of CED-9 contains two sites cleaved by CED-3 and was suggested to inhibit CED-3, probably through a competitive mechanism like that proposed for baculovirus protein p35. 18 The N-terminal region of the gene product appears unstructured, because it was easily degraded during the purification of the protein. The N-terminal region is unlikely to contribute to the binding of CED-9 to EGL-1, because timecourse cleavage of CED-9 (residues 1-251) and the protein in complex with EGL-1 by caspase-3 did not show any difference in the cleavage patterns between the two (data not shown). Consistently, CED-9 (residues 68-280) was shown to interact with EGL-1 19 or CED-4 18 as fully as the full-length CED-9. Subsequently, we generated a CED-9 construct containing the N-terminal deletion. Although the deletion mutant was expressed as a soluble protein, it precipitated easily during the protein purification and concentration. On a native polyacrylamide gel, we observed laddering of protein bands, indicating the formation of intermolecular disulfide bonds. Although the addition of the reducing agent dithiothreitol alleviated the problem, we could not obtain the crystals of the sample. Subsequently, we substituted all the three cysteine codons with serine or alanine codons, resulting in triple mutations of C107S/C135A/C164S. These cysteine residues are not conserved and the residues corresponding to Cys107 and Cys164 are substituted with hydrophilic residues in several CED-9 homologues, indicating that they may be on the protein surface. The mutations eliminated the precipitation problem and the final protein sample was crystallized. Later, the CED-9 structure showed that Cys107 and Cys164 are located on the surface of the protein and Cys135 is a buried residue. In retrospect, Cys135 did not have to be changed.
Overall structure of CED-9
The crystal structure of CED-9 (residues 68-251, C107S/ C135A/C164S), which is referred to as CED-9 hereafter, was solved with the multiple-wavelength anomalous dispersion method (MAD) phasing, by using one crystal of selenomethionine-substituted CED-9. The resolution for the final model of CED-9 is 2.03 Å . The asymmetric unit of the crystal contained two molecules of CED-9. One molecule contains residues 71-158 and 165-241, while the other molecule contains residues 75-242. The structure of CED-9 consists of seven a-helices (Figure 1 ). Two central a-helices a5 and a6 are surrounded by other a-helices and loop a1-a2. The C-terminal helix a7 interacts mostly with a2. The CED-9 structure shares an identical folding topology with BCL-X L , 20, 21 BAX, 22 and BCL-W. 23, 24 The BH4 domain (residues 79-97) forms a1 and a part of loop a1-a2. The BH3 domain (residues 112-127) forms most of a2. The BH1 domain (residues 149-179) forms most of a4, loop a4-a5, and the first half of a5. The BH2 domain (residues 213-228) constitutes parts of a6 and a7. It should be noted that the lengths of the BH1-4 domains differ depending on researchers.
Loop a1-a2 in CED-9 is shorter and well defined ( Figure 1b ) compared with the corresponding loops in BCL-2 and BCL-X L that are significantly longer (B58 residues) and unstructured. 20 The loop packs against both a1 and a6 by engaging in extensive hydrophobic interactions with the two helices (partly shown in Figure 1b) . Loop a1-a2 in BCL-W is also short (Figure 2 ). Unlike in CED-9, the loop in BCL-W interacts with a1 and the N-terminal part of a2, but not with a6. 23 As a consequence, the BH4 domain of CED-9 is less shielded than that of BCL-W. The accessibility to the BH4 domain of the antiapoptotic BCL-2 family members may bear a functional significance.
Alteration of the BH3-binding groove
The two most remarkable structural differences between CED-9 and the other known BCL-2-like protein are the conformation of the C-terminal segment and the shape of the BH3-binding region. The C-terminal segment of CED-9 preceding the putative transmembrane region is longer than those of the other BCL-2-like molecules (Figure 1c) . The segment interacts heavily with a2 (the BH3 domain) to form the amphipathic six-turn helix a7, which is considerably longer compared with the two-turn helix a7 in BCL-X L ( Figure 2 ). The hydrophobic interactions between a2 and a7 contribute to the formation of a prominent hydrophobic groove below a3 and a4 (Figure 2c ). While the substantial part of the BH3-binding groove in the other BCL-2-like molecules is formed by the wedge-like a3-loop-a4, the corresponding groove is absent in CED-9 due to extensive interactions between the helices a3 and a4, that are parallel to each other. The presence of the long helix a7 and the different location of the hydrophobic groove render the BH3-binding region of CED-9 drastically different from those of BCL-2, BCL-X L , BAX, and BCL-W.
A regulatory role of the C-terminal segment in the antiapoptotic BCL-2 family members has been suggested based on the BCL-W structure, which reveals that the Cterminal region of the protein, like that of the proapoptotic protein BAX, 22 occupies the BH3-binding groove. 23, 24 In the Bax structure, 22 the groove-occupying residues are mostly hydrophobic residues, but in the structure of BCL-W, a hydrophilic stretch occupies the groove 24 as well as the following hydrophobic tail. 23 The structures of BCL-2 and BCL-X L were determined using truncated proteins that are devoid of the C-terminal hydrophobic tail and a preceding short stretch. 20, 21, 25 Therefore, whether the missing region may adopt the same conformation seen in the structure of BCL-W needs to be determined. In contrast, the C-terminal segment of CED-9, corresponding to the hydrophilic stretch of BCL-W, forms an extended amphipatic a-helix that itself contributes to the formation of the prominent hydrophobic groove. When we expressed CED-9 containing the hydrophobic tail (residues 252-280) in Escherichia coli cells, the protein was totally insoluble. CED-9 localizes primarily to intracellular membranes and the perinuclear region in a manner that depends on the C-terminal hydrophobic tail. 10 Most likely, the C-terminal tail of CED-9 is a transmembrane domain and would not bind to the BH3-binding region of the protein in vivo. Since electron density for the C-terminal nine residues (residues 243-251) was not visible, this region appears to be a flexible linker between the putative transmembrane domain and the rest of the molecule. 
CED-9 and EGL-1 forms an extremely stable complex
It was observed that EGL-1 expression is dependent on the presence of CED-9 in human cells and in in vitro translation. 26 Similarly, we could not detect the expression of EGL-1 alone in E. coli, but observed that the EGL-1 protein coexpressed with CED-9 from a bicistronic vector, all in the soluble fraction of the cell lysate. Several lines of observations indicate that the complex between the two proteins is extremely stable. First, the complex behaves as if it is a single protein throughout the protein purification steps and on native polyacrylamide gels ( Figure 3) . Next, the complex did not dissociate even in the presence of 5% detergent triton X-100, 4 M NaCl, or 1% Triton X-100 plus 1 M NaCl (Figure 3a) . Finally, the melting temperature (T M ) of the CED-9 : EGL-1 complex is 741C, while that of CED-9 is 491C. A single phase melting curve indicates a simultaneous denaturation of CED-9 and EGL-1 (Figure 3b ). It could be imagined that the T M of EGL-1 is close to 741C, and when complexed with CED-9, it prevents the thermal denaturation of CED-9 up to this temperature. This is not the case, because CED-9 mutants in complex with EGL-1 exhibit lower T M 's as described below. In order to find out whether the wild-type CED-9 (residues 68-251, no mutation) forms a more stable complex with EGL-1, the wild-type CED-9 in complex with EGL-1 was produced and subjected to the T M analysis. As shown in Figure 3b , the melting curve of the wildtype complex is virtually indistinguishable from that of the CED-9 (residues 68-251, C107S/C135A/C164S) : EGL-1 complex, indicating that the surface-exposed Cys107 and Cys164 do not participate in the binding interactions.
Comparison of CED-9 : EGL-1 and CED-9 : EGL-1 peptide complexes by NMR and CD
We found that thermally denatured EGL-1, which precipitated together with CED-9, could be partly recovered in the form of the CED-9 : EGL-1 complex by the addition of intact CED-9. This is a manifestation of the chaperone activity of CED-9 for the folding of EGL-1. The newly formed complex is identical to that preformed in E. coli, as indicated by the identical circular dichroism (CD) spectra (Figure 4) , the same mobility on a native gel, and the indistinguishable T M values of the two (data not shown). This finding enabled us to prepare 15 N-labeled CED-9 in complex with unlabeled EGL-1 and to record the interacts not only with the BH3 domain but also with other regions of EGL-1. We qualitatively estimated the contribution of the BH3 domain of EGL-1 to the interaction between CED-9 and EGL-1 by measuring the T M of CED-9 in the presence of the EGL-1 BH3 peptide. In sharp contrast with EGL-1, the BH3 peptide increased the T M only slightly (Figure 3b) . The data also suggest that the BH3 domain of EGL-1 is not the sole determinant in binding to CED-9 and the contribution of this domain to the total binding affinity is not a predominant one. In order to estimate the competency of the BH3 peptide for replacing EGL-1 bound to CED-9, we recorded the melting temperature curve for CED-9 : EGL-1 after 3 h of incubation at room temperature with a 30-fold molar excess of the BH3 peptide. Only a slight lowering of the T M (B11C) compared with the T M of CED-9 : EGL-1 was observed (data not shown), confirming that the CED-9 in complex with EGL-1 is much more stable than CED-9 in complex with the BH3 peptide.
The EGL-1-binding surface reaches the BH4 domain Extensive efforts to crystallize the CED-9 : EGL-1 complex have been unsuccessful. Instead, we resorted to structure- Figure 3 Extremely stable CED-9 : EGL-1 complex. (a) Electrophoresis to assess the interaction between CED-9 and EGL-1. The purified CED-9 : EGL-1 complex was treated for 3 h at room temperature under the indicated conditions and subjected to native gel electrophoresis (left). The complex does not dissociate under these conditions. The mobility of the complex, migrating as a single band on the gel, is greater than that of CED-9 because of the acidic nature of EGL-1. Denaturing gel electrophoresis shows the homogeneity of the complex and CED-9 samples (right). (b) The effect of EGL-1 and the EGL-1 BH3 peptide on the thermal inactivation of CED-9. The peptide was mixed with the CED-9 sample (approximately 3 : 1 molar ratio of the peptide and CED-9) and incubated overnight at 41C prior to the melting temperature analysis by CD spectroscopy. The label 'CED-9 (wt)' indicates CED-9 (residues 68-251, no mutation) based mutagenesis of CED-9 followed by the analysis of T M 's of the resulting mutants in complex with EGL-1 to map the EGL-1-binding surface on CED-9. Three CED-9 mutants were constructed, each carrying a mutation of either H90W, A128Y, or A183Y ( Figure 5 ) in addition to the triple mutations of C107S/C135A/C164S. The three residues are at least partly exposed on the surface of CED-9, which we expected would be buried by EGL-1, if the binding of EGL-1 extends beyond the BH3-binding groove toward the solvent-exposed part of the BH4 region. A simple modeling experiment indicated that each of the substitutions does not cause a steric hindrance at all. The substitutions of these residues with the bulky residues could interfere with the binding of EGL-1, if they are indeed on the binding surface. Like the CED-9 : EGL-1 complex, each of the three CED-9 mutants was coexpressed and purified as a complex with EGL-1. The CD spectra of the three CED-9 mutants in complex with EGL-1 were nearly identical to that of the CED-9 : EGL-1 complex (data not shown), indicating that the mutations have no adverse effect on the structure of CED-9. The T M of CED-9(H90W) : EGL-1 was slightly higher than that of CED-9 : EGL-1. The T M 's of CED-9(A128Y) : EGL-1 and CED-9(A183Y) : EGL-1 were slightly lower and by 51C, respectively, compared with that of CED-9 : EGL-1 ( Figure 5b ). Ala128 is located at the beginning end of a3 and Ala183 is located in the middle of a pocket (Figure 5a ), which is lined by residues on the BH4 domain (Arg91, Asn95, Met97) and on a5 (Phe180, Lys184, Glu187). The substantial decrease in the thermal stability of the A183Y mutant indicates that the binding interface for EGL-1 extends beyond the BH3-binding groove of CED-9 and reaches at least a part of the BH4 domain.
Discussion
The study presented here reveals how the entire CED-9 molecule is structurally organized. The molecule has an unstructured part (residues 1-67), the structured BCL-2 homology domain (residues 68-242), a flexible linker (243-251), and the putative transmembrane region (residues 252-280). The C-terminal segments of the proapoptotic BCL-2 family members are nonuniform in length and bear limited sequence homologies. The structure of CED-9, together with those of the other BCL-2-like molecules, reveals the structural dissimilarity of the C-terminal segments in these proteins, which should be directly related with their functional roles. By forming a prominent hydrophobic groove at the BH3-binding region, the functional role of the helix a7 (residues 220-242) of CED-9 is likely to lie in the recognition of EGL-1 (and CED-4) rather than in the regulation of the interactions with the partner proteins. While mammalian BCL-2-like proteins interact with many different partner proteins, CED-9 is known to interact only with the CED-4 and EGL-1. Perhaps, regulating the ligand access to the binding groove by the Cterminal segment, which was observed for BCL-W and BAX, is not necessary for CED-9. We demonstrated that regions other than the BH3-binding groove of CED-9 and the BH3 domain of EGL-1 are extensively involved in the interactions between CED-9 and EGL-1 to form an extremely stable complex. This binding interaction should be the basis for the onset of apoptosis in C. elegance by releasing CED-4 from CED-9. While the BH3 domains are 9-16 amino-acid stretches, most of the BH3-only proteins have more than 100 amino acids. We speculate that the BH3 domain is the common interaction motif, but other surface regions of probably many of the BH3-only proteins contribute significantly to the binding affinity for the antiapoptotic BCL-2-like molecules. Indirect observations supporting this idea are found in the literature. The dissociation constant for the binding between the BH3 peptide of NOXA and BCL-2 is greater than 1 mM. 16 Considering that NOXA is a transcriptionally regulated potent inducer of apoptosis, like EGL-1, the dissociation constant between the full-length NOXA and BCL-2 would be significantly lower than 1 mM. Another example is the interaction between BCL-X L and BIM, where deamidation of two conserved asparagine residues on the unstructured loop a1-a2 of BCL-X L reduces the binding of BIM to the protein. 27 It is hard to imagine that the deamidation at the unstructured loop would affect the binding of BIM by causing some tertiary structural change at the BH3-binding groove of BCL-X L . A plausible explanation would be that BIM interacts with loop a1-a2 of BCL-X L , and the deamidation on this loop causes charge repulsion between the two proteins. It has been suggested that the binding specificity and the hierarchy of binding affinity between the mammalian BCL-2 family members could be the basis of the action mechanism of these proteins. 16 Elucidation of the full pictures of several complexes between the antiapoptotic and the BH3-only members will provide excellent frameworks leading to a higher level of understanding of the intricate interplay between the BCL-2 family members. Melting temperature analysis by CD spectroscopy. The CED-9(A183Y) : EGL-1 complex exhibits a decrease in the T M by 51C, while the other two mutant complexes exhibit less than 1.51C difference, compared to the CED-9 : EGL-1 complex. Three independent measurements of the T M 's indicated less than 0.51C variation. It is noted that the mutation points of C107S and C164S are located at the back of the surface shown in (a)
Materials and Methods
Plasmid construction, protein expression, and purification
The full-length CED-9 was amplified by polymerase chain reaction (PCR) from the C. elegans RB1 cDNA library. The PCR products were cloned into the pRSET-A vector (Invitrogen). Subsequently, the CED-9 DNA fragment coding for residues 64-251 was cloned into the same sites of pRSET-A vector. The EGL-1 gene including a single intron between two exons was amplified by PCR from a C. elegans genomic DNA. The PCR products were cloned into the pET21d vector (Novagen). The intron was removed from the vector by a PCR technique followed by a blunt-end ligation after polynucleotide kinase treatment. Subsequently, the DNA fragment encoding the ribosome-binding site and EGL-1 was inserted into the pRSET-A vector that carried the CED-9 gene. The bicistronic vector was transformed into the E. coli BL21 (DE3) pLysS strain. From this vector, CED-9 was produced with a (His) 6 -tag at the N-terminus, while EGL-1 was produced without a tag. The expression of the two proteins was induced by 0.67 mM isopropyl-D-thiogalactopyranoside at an optical density of 1.0 at 298 K for 8 h. The expression level of CED-9 was about five times higher than that of EGL-1. Bacterial lysate was prepared by sonication in buffer A consisting of 20 mM sodium phosphate (pH 7.2), 100 mM NaCl, and 2 mM b-mercaptoethanol. CED-9 and the CED-9 : EGL-1 complex bound to a Ni-NTA column (QIAGEN) were eluted with buffer A containing 200 mM imidazole. The eluted fractions were pooled and diluted four-fold with buffer B consisting of 20 mM sodium phosphate, 50 mM NaCl, and 2 mM b-mercaptoethanol. The protein sample was loaded onto HitrapQ column (Amercham Pharmacia) pre-equilibrated with buffer B. CED-9 and the CED-9 : EGL-1 complex were eluted at NaCl concentrations of 100-150 and 200-250 mM, respectively. The (His) 6 -tag of CED-9 was removed by recombinant human caspase-3 (prepared in house) that readily hydrolyzed the peptide bond between Asp67 and Gly68, a site cleaved by CED-3. 18 The reaction mixtures were separately loaded onto a Ni-NTA column to remove caspase-3 that bound to the column due to a (His) 6 -tag at the N-terminus of the enzyme. The unbound fraction was loaded onto a HitrapQ column again. CED-9 did not bind to the column, while the complex was eluted at the NaCl concentration of 150-200 mM. The purified protein samples were dialyzed against buffer B and then concentrated to 10 mg/ml using a Vivaspin 20 (Satorius). Each of the H90W, A128Y, and A183Y mutations were introduced to the CED-9 gene construct that contained the triple mutations of C107S/C135A/C164S by using QuikChange Kit (Stratagene), and each mutant in complex with EGL-1 was purified according to the same purification procedures for the CED-9 : EGL-1 complex.
Crystallization and structure determination
Crystals of the CED-9 were obtained by the hanging-drop vapor-diffusion method at 285 K with the reservoir solution composed of 10% polyethylene glycol 8000 and 0.1 M HEPES (pH 7.5) at 121C. Before data collection, crystals of CED-9 were immersed briefly in a cryoprotectant solution, which is the precipitant solution containing 20% glycerol. A MAD data set at three different wavelengths was collected with a crystal of selenomethionine-substituted CED-9 using synchrotron radiation from the beamline 6B at Pohang Accelerator Laboratory, Korea, and processed using the programs DENZO and SCALEPACK. 28 Phase determination was carried out at 2.8 Å with the program SOLVE, 29 and phases were subsequently improved by density modification with the program RESOLVE. 30 The electron density was of high quality showing nearly all features of protein side chains. The program O 31 was used for model building. The 2.03 Å data were collected later using a crystal of selenomethionine-substituted CED-9 and used for the final refinement performed with the CNS package. 32 The two molecules in the asymmetric unit superpose onto each other with an R.M.S.D. value of 0.93 Å . Crystallographic data statistics are summarized in Table 1 .
CD spectroscopy
Data were collected on a JASCO J-715 spectropolarimeter equipped with a thermoelectric temperature controller. CD spectra were recorded with protein samples (2.5-10 mM) in 20 mM phosphate buffer (pH 7.5) at 251C over the range of 200-250 nm in a nitrogen atmosphere. Each spectrum is the accumulation of three scans corrected by subtracting signals from the buffer control. Thermal denaturation was performed by heating protein samples (11.5-20 mM) at a constant rate of 0.51C/min, while monitoring the ellipticity at 222 nm. T M is defined as the temperature at which 50% of protein molecules are unfolded.
EGL-1 BH3 peptide
The 16 amino acids peptide, corresponding to residues 52-67 of EGL-1 and with a C-terminal modification, þ H 3 N-Y 52 EIGSKLAAMCDDFDA 67 -CONH 2 , was purchased from Anygen, Inc. (Korea) and used without further purification. The sample was at least 98% pure and the molecular mass of the peptide was confirmed by mass spectrometry.
Preparation of the NMR sample
15 N-labeled CED-9 was produced from E. coli cells grown on M9 media supplemented with 15 N ammonium chloride. The labeled sample was purified according to the same protocol for the purification of unlabeled CED-9. The [
15 N]CED-9 in complex with unlabeled EGL-1 was produced by adding [ 15 N]CED-9 to the thermally denatured CED-9 : EGL-1 complex. The unlabeled complex was diluted to a concentration of 0.25 mg/ml in a buffer solution containing 100 mM Tris-HCl (pH 7.5), 5 mM b-mercaptoethanol, and 50 mM NaCl. The sample was incubated for 25 min at 771C and cooled down at room temperature. The 15 N-labeled CED-9 was added to the denatured sample at a molar ratio of 1 : 2 (intact CED-9 : denatured CED-9). After incubation for 30 min, the mixture was centrifuged and the supernatant was loaded onto a Hitrap Q column. The eluted fraction contained the [
15 N]CED-9 : EGL-1 complex. About 25% of added [ 15 N]CED-9 was lost.
NMR spectroscopy 1 H-15 N-HSQC spectra were recorded at 251C on a Bruker DRX500 spectrometer equipped with a triple resonance probe and pulsed field gradients. A total of 2048 and 256 data points were collected in the t 2 and t 1 domains, respectively. The spectral widths for each time domain and the number of scan were 7002.8 Hz (t 2 ), 1520.2 Hz (t 1 ), and 32 or 128 scans, respectively. Spectra were processed using the XWINNMR software (Bruker AG, Germany).
Coordinates
The coordinates of the CED-9 structure have been deposited in the Protein Data Bank under the accession codes 1OHU with the condition of immediate release upon publication.
